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a b s t r a c t 
Hydroxide-catalysis bonding is a powerful precision jointing technique. It is used to construct opto-mechanical 
systems, e.g. in gravitational-wave detectors or satellite-based telescopes, and for optical applications such as 
high-power laser-crystal assemblies or transmissive optical components. Here we present studies of the optical 
absorption of such a bond over a period of 38 days after bonding. We find significant absorption at 1550 nm and 
2000 nm, while it is negligible at 1064 nm. We show a factor of four reduction in absorption over the observed 
period, which could increase the tolerable power in transmissive bonded optics. Based on the absorption ratio 
found at different wavelengths, we conclude that the absorption is most likely dominated by water migrating out 
of the bond by two mechanisms. 
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(. Introduction 
Hydroxide-catalysis bonding is a precision jointing technique,
hich has been established for highly-specialized applications of opto-
echanical systems. It was first developed, patented and applied by
wo [1–3] for the Gravity Probe B satellite mission [4] in which it was
sed to join the telescope’s fused-silica components and optical bench to-
ether. The technique has also been used for the LISA pathfinder satellite
ission, which was a very successful technology demonstrator for the
lanned space-based LISA gravitational-wave detector [5] . The mechan-
cal properties of hydroxide-catalysis bonds are ideally suited for use in
recision applications, such as bonding fused-silica parts together or sil-
ca to Zerodur and, as recently shown, for bonding of phosphate glasses
6] . Such bonds are suitable for applications in ultra-high vacuum and
t cryogenic temperatures, as well as being extremely strong and stable
7] . 
Hydroxide-catalysis bonding has been further developed for the
uasi-monolithic fused-silica test-mass suspensions of ground-based
ravitational-wave detectors; first for GEO600 [8,9] and then for Ad-
anced LIGO [10,11] and Advanced virgo [12] . This bonding technique
as essential for the detectors to reach the sensitivity which enabled
he detection of gravitational-wave signals from several merging binary
lack-hole systems [13–17] and a binary neutron-star system [18] . As
he bonds have a relatively high mechanical loss, the area of the bonds∗ Corresponding author. 
E-mail address: iain.martin@glasgow.ac.uk (I.W. Martin). 
ttps://doi.org/10.1016/j.mtla.2019.100331 
eceived 13 January 2019; Accepted 18 April 2019 
vailable online 19 April 2019 
589-1529/© 2019 Acta Materialia Inc. Published by Elsevier Ltd. This is an open ac
 http://creativecommons.org/licenses/by/4.0/ ) ust be kept small in these precision measurement applications to pre-
ent significant thermal noise [19] . 
Hydroxide-catalysis bonds are also of interest for applications, in
hich light is transmitted through the bond, such as crystal assem-
lies for high-power lasers [20,21] and in optical components for pre-
ision experiments [6] . It has been shown that hydroxide-catalysis
onds between fused-silica components have low reflectivity of < 10 −3 
21,22] and a high laser-damage threshold [21] , which is essential for
any applications. In components like wave plates, which are composed
f different materials with different properties, the damage threshold is
ominated by heating due to optical absorption. While the absorption
f the materials is well known and optimized for the component’s de-
ign wavelength, the optical absorption of the bond layer between the
aterials has to be investigated. 
In this paper the first measurement of the optical absorption of such
onds at several different infrared wavelengths is presented. An area
f 15 mm × 15 mm, approximately in the center of the sample, was
apped in steps of 0.2 mm. While the absorption at 1064 nm was found
o be too low to be easily measured accurately, the absorption at wave-
engths of 1550 nm and 2000 nm was observed from one day to 38 days
fter bonding, showing a reduction in absorption by more than 70% on
ay 38 compared to the first measurement one day after bonding. The
eduction in absorption appears to be the sum of two exponential decay
rocesses, which is analyzed as a function of position on the bondedcess article under the CC BY license. 
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Fig. 1. Surface maps of the bonding surfaces of (a) substrate 1 and (b) substrate 
2, showing the PV flatness of the substrates. 
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orea. Analysis of the wavelength dependence of the absorption provides
vidence that water migrating out of the bond may be responsible for
he change in absorption observed. 
. Bonding procedure 
This section gives a brief introduction to the chemistry of hydroxide-
atalysis bonds and describes the procedure used to create the bonded
ample studied here. 
.1. Hydroxide-catalysis bonding 
The chemistry of hydroxide-catalysis bonding is described in detail
n many papers [23–26] . In essence, a hydroxide solution of some form
e.g. sodium silicate or potassium hydroxide) etches into the surfaces to
e bonded. This releases silicate molecules, resulting in a pH decrease
f the solution. This enables the silicate molecules to form long silox-
ne chains, ultimately resulting in a chemical bond between the two
urfaces. Water is produced as a by-product of this reaction. After the
nitial bond is made, the water slowly migrates out of the bond layer,
ither through evaporation at the edges of the bond or through migra-
ion into the substrates. Joints can be made between any silica-based
aterials [1,2] , and other oxides (though these may benefit from added
ilicate molecules to the solution) [27,28] . This bonding technique is
ighly reliable in terms of reproducibility and strength, as long as the
urfaces to be joined are extremely clean and hydrophillic at the time
f bonding [20] . 
.2. Sample preparation 
A hydroxide-catalysis bond was made between two Corning 7979
used silica discs, 25 mm in diameter and 6.35 mm thick. This mate-
ial has low optical absorption in the infrared due to low OH content. 1 
t 1064 and 1550 nm, the absorption is below the measurable level,
hile at 2000 nm the absorption is at a measurable level, but negligible
ompared to the absorption of the bond (see Section 3.3.1 ). 
The peak-to-valley (PV) flatness of the bonding surfaces of the sub-
trates was measured using a Zygo interferometer 2 at 633 nm. Both sub-
trates had a convex and axisymmetric shape with an overall flatness of
5 nm (with the outer 0.25 mm trimmed off the measurement), as shown
n Fig. 1 . For both substrates, the central area with a diameter of 19 mm
as a PV flatness of less than 30 nm. Flatness of the bonded surfaces is
mportant to produce strong, reliable bonds with a uniform bond thick-
ess. At the centre of the samples, where the bond absorption was mea-
ured, the bonding surfaces have a total PV flatness of ∼30 nm, and the
ms flatness of the surfaces (equivalent to the roughness) is ∼12 nm.
ince the bond thickness is expected to be greater than 100 nm, and1 https://tinyurl.com/ybu4htbt . 
2 http://www.zygo.com/?/met/interferometers/gpi/ . 
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s  ossibly as high as 500 nm immediately after bonding [22] , it seems
nlikely that any variation in the surface roughness or flatness at this
evel will have a significant impact on the absorption measured in the
ond. 
The bonding solution was prepared by mixing one part (volumetri-
ally) of sodium-silicate solution (Sigma Aldrich 338443) and six parts
f reverse osmosis water of 18 M Ω resistance. The bonding solution was
haken, centrifuged and filtered with a 0.2 μm medical filter to ensure
hat no large particulates were present. Prior to bonding, the samples
ere cleaned using cerium-oxide paste and sodium-bicarbonate paste,
nd rinsed with methanol of 99.9% purity – a procedure used commonly
29,30] . 
Immediately before bonding, the samples were wiped with 99.9%
ure methanol one more time and inspected carefully for surface defects
nd contaminants. 4.0 μ l of bonding solution (0.8 μ l/cm 2 – chosen to
e the same as used for aLIGO [31] ) was then deposited on one of the
ubstrates. The other substrate was placed carefully on top. The bonded
ample was left un-touched to cure for one day. 
. Optical absorption measurements 
In this section the method for measuring the optical absorption of
he bond is explained and the results are presented. 
.1. Measurement method 
The optical absorption of the bond layer was measured using pho-
othermal common-path interferometry [32] . In this technique, a pump
eam of high power at the wavelength of interest is used to heat the
ample via optical absorption. A probe beam of larger radius and lower
ower is used to measure the thermal effect in the sample. 
Absorption of the pump beam induces a thermal lens in the mate-
ial. The part of the probe beam that passes through the thermal lens
nterferes with the part of the probe beam that is unaffected by the ther-
al lens. The resulting interference pattern causes a signal proportional
o the absorbed pump power. Comparison to a suitable calibration sub-
trate of known absorption allows this signal to be converted into an
bsorption. 
The time delay in the response of the sample to the heating contains
nformation about the thermal diffusivity of the sample. This delay is
easured as the phase of our absorption signal. Here, in the case of a
hin bond, heat conducts rapidly into the surrounding material and the
ajority of the signal arises in the (comparatively thick) fused-silica re-
ions close to the bond. The phase is therefore expected to correspond
o the thermal diffusivity of fused silica. The absorption of the silica
ubstrates is low in comparison to the bond, and any contribution of
he substrate to the measured absorption of the bond is expected to be
mall in comparison to the error bars. The absorption of a sample can
e mapped in two dimensions by moving the sample with respect to
he crossing point of the pump and probe beams. The beams cross at
 small angle, producing a spatial resolution in the longitudinal direc-
ion of approximately 0.5 mm. In the lateral directions, the resolution
s determined by the chosen step-size, which is 0.2 mm in this case. 
The absorption was measured over a period of 38 days after the sam-
les were bonded. Most of these measurements were made at 1550 nm.
owever, the wavelength dependence of the absorption is of interest
nd some measurements at 1064 nm and 2000 nm were also carried
ut. A pump-beam waist of 35 μm was used, with the average laser
ower being ≈ 300 mW. For all measurements, a 1620 nm probe beam
f waist 115 μm was used. 
.2. Measurement results 
The optical absorption of the bond was measured over an area of the
ample of 15 mm by 15 mm, in steps of 0.2 mm. A series of maps of the
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Fig. 2. Maps of the optical absorption of the 
bond on various days after bonding. The ab- 
sorption is given in ppm (10 −6 ) per complete 
bond layer. (Absorption maps measured for 
days 23, 29 and 38 were omitted, as they ap- 
pear very similar to the eye to the map for 
day 20.) The measured area was approximately 
centered in the 1 ” diameter sample. 
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b  bsorption at 1550 nm was made over a period of 38 days after the sam-
les were bonded, as shown in Fig. 2 . Measurements were taken daily
or the first 6 days as during this period the absorption was observed
o decrease rapidly. Thereafter, where the absorption decreased more
lowly, longer measurement intervals were used. 
The absorption was found to vary significantly across the measured
rea of the sample, with values on the first day ranging from around
00 ppm close to the center of the measured region to around 75 ppm
n one corner of the region. A linear feature was observed in many of
he absorption maps (a horizontal line at a y-position of approximately
1 mm, which moves to approximately 7 mm between days 8 and 10).
t is interesting to note that the feature is parallel to one of the axes
n which the sample was translated, and it seems likely that it may
e an artefact of the sample translation, or perhaps of sample storage
rientation. However, this feature has no significant effect on the aver-
ge absorption of the measured area. Some scattered points with lower
bsorption were also reproducibly measured close to the centre of the
apped region, which are consistent with observed air bubbles in the
ond. t  .3. Measurement analysis 
In this section we calculate the average absorption of the measure-
ent region and analyse the time and spatial dependence of the mea-
ured absorption. 
.3.1. Decay of the average absorption 
To obtain a comparable measure for each day, the mean absorption
nd standard deviation (which represents the spread of the absorption)
ver the entire measurement region was calculated for each map. 
When calculating this average, only absorption values which had a
ealistic corresponding phase value between − 80 ∘ and − 30 ∘ were taken
nto account. The phase gives information about the thermal response
f a particular point in the sample when it is heated. This thermal re-
ponse is used in converting the measured signal into an absorption
alue. Points giving the ‘wrong’ phase have a different response and
hus cannot be converted reliably into an absorption value. One possi-
le reason for a unexpected phase values could be a poor thermal con-
act between the bond and the substrates [33] , perhaps caused by the
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Fig. 3. Plot of the decay of the average absorption over the measurement region 
with time at 1550 nm and 2000 nm. For completeness, the one measurement 
taken at 1064 nm is included. The two exponential functions, and their sum, 
used to fit the 1550 nm data are also shown. 
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Fig. 4. Plot of the absorption against time for 1550 nm and 2000 nm, normal- 
ized to the absorption values on the 3rd day after bonding, which was the first 
day for which data at 2000 nm was available. 
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w  ubbles observed close to the center of the measured region, or areas of
arger than average separation between the substrates. 
The time evolution of the average absorption is shown in Fig. 3 . The
bsorption decreased rapidly over the first 8 to 10 days after bonding,
rom an initial value of (163 ± 43) ppm at 1550 nm to (63 ± 24) ppm on
ay 13, and continued to decrease at a lower rate until the final mea-
urement of (46 ± 16) ppm, 38 days after bonding. The time dependence
f the absorption was fitted with a sum of two exponential decays, of
he form 
= 𝑖𝑒 𝑗𝑡 + 𝑘𝑒 𝑙𝑡 , (1)
here 𝛼 is the absorption of the bond layer, t is the time in days, and
 and k are fit parameters corresponding to the initial value of the ab-
orption for the two decays and j and l are the corresponding expo-
ential decay constants. The fit is shown in Fig. 3 with 𝑖 = 134 . 9 and
 = −2 . 5 × 10 −1 for the first decay and 𝑘 = 62 . 5 and 𝑙 = −5 . 8 × 10 −3 for
he second decay. Based on this equation, we can conclude back to an
verage absorption of 197 ppm on day 0 – directly after bonding. 
While this study focused primarily on the absorption at 1550 nm,
ome measurements at 1064 nm and at 2000 nm were also carried out
nd the average absorption is shown in Fig. 3 . On this scale, the back-
round absorption of the substrates at 2000 nm was less than 8 ppm.
easurements taken at all three wavelengths on day 3 show that the
bsorption at 1064 nm is a factor of ∼80 lower than the absorption at
550 nm, while the absorption at 2000 nm is a factor of ∼5 higher than
he 1550 nm value. The measurement at 1064 nm was limited by noise,
nd it was therefore not possible to observe any further absorption de-
rease at this wavelength. Absorption maps at 2000 nm were measured
n several other days and the relative change in absorption at 1550 nm
nd at 2000 nm was found to be identical throughout the measurement
eries, as shown in Fig. 4 . 
The measured change in optical absorption of hydroxide catalysis
onds is in broad agreement with past research of the evolution of other
ond material properties such as reflectivity, index of refraction, bond
hickness and strength [22,34] . The strength of newly formed bonds
etween fused silica substrates, as well as between sapphire and silicon
ubstrates, was found to decrease slightly during the first few weeks after
onding, then stabilize at or above 15 MPa [34] . It has been suggested
hat the appearance of additional hydrogen bonds between the water
olecules and the bond substrates during the initial bond formation
eads to this trend, as the number of hydrogen bonds decreases and then
isappears over time as the water migrates out of the bond. These results
re correlated with other studies completed on the evolution of bondeflectivity, index of refraction, and bond thickness over similar time
cales, which have indicated a initially rapid rate of change during the
rst weeks after bonding [22] . 
.3.2. Spatial dependence of the absorption decay 
In this section, we study the spatial dependence of the absorption in
ore detail. Fig. 3 suggests that there are two parts to the decay of the
verage absorption: a more rapid decay, which dominates the average
bsorption change in the first few days, and a slower decay, which fully
ominates the average absorption change after day 13 ( < 10 % contri-
ution of the first decay to the total absorption). Between days 4 and
0, there are significant contributions from both of the decays. Given the
arge spatial variation in the absorption, it was of interest to examine
he time-evolution of the absorption at every measurement point more
losely. 
The time-dependent absorption for every measurement point was
tted with a sum of two exponential decays – as done in Fig. 3 for the
verage absorption. Fig. 5 shows the results of these fits as listed below.
• (a) Shows the total absorption at day 0 (sum of fit parameters i and
k ). 
• (b) Shows the fit parameter i , the initial absorption of the more rapid
decay process. 
• (c) Shows the exponential decay constant j of this decay. 
• (d) Shows the total absorption (sum of i and k ) for day 13. 
• (e) Shows fit parameter k , the initial absorption of the slower decay.
• (f) Shows the exponential decay constant l of this decay. 
ig. 3 (c) and (f) provides a convenient way to look at the rate of change
f absorption across the measured area. 
Fig. 5 (b) and (c) shows the fit parameters for the more rapid de-
ay, which dominates the absorption reduction for the first few days af-
er bonding. For this decay, the absorption can be seen to reduce more
lowly in the higher-absorbing regions close to the center of the mea-
ured area, and more quickly in the lower-absorbing regions close to the
dges of the measured area. A particularly rapid decay was observed in
he top left of the area. 
Fig. 5 (e) and (f) shows the fit parameters for the slower decay, which
ominates the absorption reduction from day 13 onwards. The spatial
ependence of the rate of change ( Fig. 5 (f)) is more uniform than for the
ther decay ( Fig. 5 (c)). However, the absorption decay is slower around
he edges of the area where the absorption is lower, and faster in the
iddle of the area where the absorption is higher. 
It is interesting to note that the two decays show opposite trends,
ith the rapid decay particularly affecting the lower-absorbing areas
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Fig. 5. Maps obtained from fitting a double-exponential decay (see Eq. 1 ) to the time-dependence of the absorption of every measurement point. (a) shows the total 
absorption (sum of fit parameters i and k ) extrapolating Fig. 2 to day 0, i.e. right after bonding. (b) shows the fit parameter i , the initial absorption of the more rapid 
decay process (see Fig. 3 ) and (c) shows the exponential decay constant j of this decay. (d) shows the total absorption (sum of i and k ) for day 13, at which the more 
rapid decay starts to be negligible ( < 10 % contribution). (e) shows fit parameter k , the initial absorption of the slower decay, and (f) shows the exponential decay 
constant l of this decay. (Note that the two decay plots do not have the same colour key.) 
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s  ear the edges and the slower decay particularly affecting the higher-
bsorbing region in the middle of the sample. Note that the difference
n decay rate between the two decays is much larger close to the edges
han in the middle. .4. Discussion of the absorption results 
Past research has shown that the material properties of bonds such as
trength, reflectivity, refractive index and thickness change over time,
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 tabilising as the bond cures. This is most likely due to the migration of
he water initially present in the bonds [22,35] . 
The absorption ratio at the wavelengths investigated here is in good
greement with water absorption in the literature. The ratio of water
bsorption is ≈74 between 1064 nm and 1550 nm and ≈6 between
550 nm and 2000 nm [36] compared to a factor of 82 and a factor of
 in our bond absorption measurements. We conclude that the initial
bsorption is likely to be related to the water content of the bond, with
he observed rapid decay being related to the water diffusing out of the
onded area. 
There are two possible explanations of the slower decay shown in
ig. 3 . The first is that another absorption process is present, which
ecomes dominant when the water content has dropped sufficiently, e.g.
he absorption becomes limited by the bond material itself, which is still
lowly curing with time. A different hypothesis is that both decays can be
xplained by water absorption. The ratio of the absorption at 1550 nm
nd at 2000 nm does not vary significantly over time (see Fig. 4 ). It
eems unlikely that different absorption processes would have identical
avelength dependence, indicating that the same process is responsible
or the absorption throughout the measurement series. 
Fig. 5 (c) shows that the lower-absorbing outer regions initially show
he most rapid decay j . This is possibly related to the water migrat-
ng out of the bond faster close to the edges of the sample than in the
iddle. However, closer to the centre, less water migrates towards the
dges, resulting in smaller values of j . At the same time, water can also
igrate into the more resistant silica substrates, resulting in the under-
ying slower decay l (see Fig. 5 (f)). 
As the bond cures, it’s resistance to water migration increases. Now
he slower decay describing water migration into the substrate starts
ominating. In the higher-absorbing centre, where the water content is
igh, the decay constant l is larger than in the lower-absorbing outer
egions, as expected. 
. Conclusion 
The time-dependence of the optical absorption of a hydroxide-
atalyis bond between two fused silica samples at 1550 nm and at
000 nm was measured. After three days, the absorption was also mea-
ured at 1064 nm. From the measurements at the different wavelengths
e conclude that water is responsible for the absorption. 
The absorption can be described as the sum of two exponentials de-
aying with time. Over the first 13 days, the absorption reduces rapidly
y a factor of ≈3. As bonded optics are particularly sensitive to laser
amage due to absorption, this would increase the tolerable power in
 transmissive optic by the same factor. By the end of our observation
eriod of 38 days, this factor had increased to ≈4. Assuming this trend
n decay continues, then the tolerable power would increase by a factor
f 6 after 100 days and by a factor of 26 after a year. 
From the spatial dependence of the absorption decay, we conclude
hat two water-migration processes contribute to the absorption de-
rease: a more rapid one due to migration out of the edges of the sample
nd a slower one due to migration into the fused silica substrates. 
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